Technical status and challenges of shale gas development in Sichuan Basin, China  by Liu, Pingli et al.
ble at ScienceDirect
Petroleum 1 (2015) 1e7Contents lists availaPetroleum
journal homepage: www.keaipubl ishing.com/en/ journals/pet lmOriginal articleTechnical status and challenges of shale gas development in
Sichuan Basin, China
Pingli Liu*, Yinsheng Feng, Liqiang Zhao, Nianyin Li, Zhifeng Luo
State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation in Southwest Petroleum University, Chengdu, Sichuan 610500, Chinaa r t i c l e i n f o
Article history:
Received 29 January 2015
Keywords:
Shale gas
Effective development
Technical status
Challenges
Sichuan Basin* Corresponding author.
E-mail address: liupingli@vip.163.com (P. Liu).
Peer review under responsibility of Southwest Pe
Production and Hosting by Elsev
http://dx.doi.org/10.1016/j.petlm.2015.03.001
2405-6561/Copyright © 2015, Southwest Petroleum U
access article under the CC BY-NC-ND license (http://a b s t r a c t
During the past decade, shale gas developments have changed the energy structure in the US
natural gas industry, and the exploration activities for shale gas are also increasing worldwide.
According to the papers published in recent years, shale gas resources are quite abundant in China.
With the successful experience obtained from North America, many state-of-the-art technologies
are brought in and reﬁned for ﬁeld application. State-owned enterprise, private enterprises and
foreign enterprises have all actively participated in the exploitation of shale gas. Compared with US,
China faces many more challenges, both geological and above-ground, in the development of shale
gas resources.
This paper begins with the introduction of shale gas reserve distribution in China and the
identiﬁed shale gas formation in Sichuan Basin. The following paper reviews the methodology
employed in the geophysical prospecting, drilling and completion, and hydraulic fracturing process.
Since China is in the early stage of shale gas development, there is a great technical gap between
China and North America. Based on literature review, the major challenges faced in the exploration
and production process are identiﬁed. What presented in this paper should be of particular interest
to the personnels involved in shale gas production in China and countries that are about to set foot
in shale gas business. It will also be of interest to researchers who are dedicated to developing these
technologies to unlock unconventional gas resources in China.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Shale gas is the natural gas that trapped within shale for-
mations in the condition of adsorption or ionization. In shales,
natural gas exists in the form of absorbed gas, free gas and dis-
solved gas. Among them, absorbed gas on the organic material
and free gas within the rock pores or natural fracture systems are
the dominant forms. Last year, only three countries, America,
Canada, and China, produced shale gas in commercial quantities
according to the study released by U.S. Energy Information
Administration (EIA) and Advanced Resources International
(ARI). In 2012, shale gas took 39% of the total natural gastroleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bproduction in the United States and 15% in Canada, while in
China the volumes contributed less than 1% of the total natural
gas production [1].
Compared with US, China faces many more challenges in the
development of shale gas resources, both geologically and
topographically. The burial depth of shale formations in China
varies commonly from 3000 to 5000 m, deeper than that in US
and the formations are much more complex. Reserves are often
in mountainous terrain where the infrastructure facilities are
incomplete, making it difﬁcult for the access of equipment. Lack
of water resources and immature expertise also impede the
development of shale gas. Even though, the government is still
optimistic about the future shale gas production. The ministry of
Land Resources has set aggressive targets of 6.5 Bcm/yr by 2015
and at least 60 Bcm/yr by 2020. Commercial success in North
American shale gas has beneﬁted a lot from sustained and rapid
development of expertise and technologies in horizontal well
drilling and hydraulic fracturing [2], while in China, the technicaling by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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Introducing advanced technology is important for the efﬁcient
development of shale gas, but what'smore important for Chinese
is to develop these technologies of their own.1. Shale gas resources
China has abundant organic-rich source rock shales, accord-
ing to the EIA, the recoverable shale gas at present in China
reaches to 31.57 Tcm, ranking the ﬁrst in the countries evaluated
in the assessment (Fig. 1). This means shale gas reserves are 10
timesmore than its current proven conventional gas reserves [3].
Although the data presented in Fig.1 is likely to change over time
with the availability of additional information, it is reasonable to
predict that shale resources will take a substantial share of hy-
drocarbon resources.
In 2013, up to 200 Mcm shale gas were produced in China,
although it only took less than 0.2% of the total natural gas
production, it increased from 30 Mcm the year before [4].
Sichuan, Tarim and Ordos basins and some other continental
sedimentary basins with shale gas formations are the main dis-
tribution areas of shale reserves, depicted in Fig. 2. The estimated
potential shale gas resources in China amount to about
30.69e99.58 Tcm [5]. Table 1 gives the reserve status of the
majority basins in China.With the largest technically recoverable
reserves, Sichuan Basin becomes the pilot target for exploitation.
Some basic information about the identiﬁed shale gas formation
in Sichuan Basin is listed in Table 2. Shale plays here are featured
as deep buried depth and high thermal maturity [6], as shown in
Table 3.
At present, coal consumption takes a large portion of the total
energy consumption in China (see Fig. 3), which is poor in efﬁ-
ciency and causes substantial CO2 emissions. Natural gas, how-
ever, contributes less than 5% of the total, far behind the world's
average 24%. Increasing pressure from energy supply and envi-
ronmental protection has become a prominent social issue. An
effective way to deal with these pressures is to optimize the
composition of primary energy consumption. The Action Plan for
the Control of Air Pollution released by the State Council on
September 12, 2013 strictly demands that coal consumption
should be reduced to 65% in 2017. In order to reform the energy
consumption, domestic natural gas production must beFig. 1. Top 10 countries with technically recoverable shale gas resources, Note: Countrie
EIA, June, 2013, Technically Recoverable Shale Oil and Shale Gas Resources: An Assessmincreased dramatically due to the fact that about 27% of the gas
consumption is still dependent on the imported gas resources.
The 12th Five-year Plan for Energy Development highlights
that China would vigorously develop unconventional gas re-
sources, and shale gas is undoubtedly included. So far, two
rounds of shale gas exploration competitive bidding have been
conducted to reinvigorate the domestic gas program [7]. The
bidding winners in the second round, without any experience in
upstream natural gas development, are eager to cooperate with
experienced service companies. Shale gas market has been
opened to Chinese-foreign equity or contractual joint ventures,
and exploration of shale gas is encouraged by the government.
The central government also provides subsidies for the explo-
ration and production of shale gas. Starting in January 2010, Shell
and PetroChina have been evaluating an area of Joint Coopera-
tion in the Sichuan Basin with the goal to explore, appraise, and
ultimately develop a Shale Gas opportunity [8]. Houston-based
New Exploration Co also signed a deal with PetroChina to eval-
uate shale gas resources at Weiyuan ﬁeld in Sichuan Basin.2. Technical status and challenges
Since the gas ﬂow resistance of shale gas is considerably
higher than conventional gas, stimulation strategies have to be
carried out for economic production. Therefore, successful
development of this unconventional resource depends highly on
the advanced technologies. So far, China has built a certain
foundation in the equipment manufacturing, some of the
equipment such as drilling rigs, fracturing trucks and downhole
tools have been exported for the development of shale gas.
However, core technologies such as long interval horizontal
drilling, subsection hydraulic fracturing and micro seismic
monitoring techniques have not been fully mastered yet.2.1. Geophysical prospecting
The volume of gas likely accumulated in shale can be inferred
from the total organic content and thermal maturity. The eval-
uation indexes of shale gas have shifted from conventional
reservoir parameters such as porosity, permeability and gas
saturation to total organic content, thermal maturity, develop-
ment degree of fractures and rock brittleness. Good shale gas
reservoirs feature with high GR values, low oil and waters with commercial shale gas production were illustrated in color blue; Data Source:
ent of 137 Shale Formations in 41 Countries outside the United States.
Fig. 2. Geographical location of basins.
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mineral content, strong heterogeneity and anisotropy [9,10]. One
of the favorable exploration and development targets in Sichuan
Basin is the Changning- Weiyuan area, which is found to be high
in thermal evolution degree (Ro: 2.0%e4.0%), porosity (3.0%e
4.8%), gas concentration (2.82e3.28 m3/t) and brittle mineral
content (40%e80%), the burial depth is relatively moderate
(1500e4500 m) [11].
Similar with conventional gas reservoirs, geophysical well
logging and seismic techniques are commonly used in the
exploration of shale gas [12]. But the available exploration areas
are relatively separated, which increases the difﬁculty for
exploration in a sense. Lack of logging interpretation methods
and software also hinders the development of exploration.
Currently, geophysical well logging is mainly developed through
the introducing of advanced technologies from abroad. Seismic
and data analysis companies form North American are already
active in support of prospecting.
As for policies, the investment on exploration for shale gas is
still inadequate compared to that on conventional resourcesTable 1
Resource size of assessed shale gas at basins.
Basins Geological reserves (Tcm) Technically recoverable
reserves (Tcm)
Sichuan Basin 66.8 17.7
Tarim Basin 27.7 6.1
Yangtze Platform 16.9 4.2
Greater Subei 5.1 1.3
Junggar Basin 10.2 1.0
Jianghan Basin 3.2 0.8
Songliao Basin 4.4 0.5exploration. Exploration activities are mainly undertook by the
state owned companies and independent companies are less
involved. This is quite different form US where an abundance of
independent companies with a tradition of risk-taking are active
in this ﬁeld [13]. Since the geological date is conﬁdential and not
allowed to be sharedwithin the industry, the exploration process
is decelerated to some extent.2.2. Drilling and completion
The development of shale gas drilling abroad has experienced
the stage of vertical wells, single horizontal wells, multi-lateral
horizontal wells, cluster wells, and cluster horizontal wells (PAD
horizontal wells). Drilling multiple horizontal wells from a single
pad is becoming the main exploitation mode for shale gas in
consideration of cost and time saving, it enables relatively small
surface footprint while increasing the bottom-hole contact of
shale resources [14]. In Sichuan, lack of transportation infra-
structure for drilling facilities, intensive farming and limited
surface footprint all make pad drilling and completion fasci-
nating. Hydraulic jet perforation completion, modular bridge
plug completion and mechanical completion are the three main
completionmethods applied. A variety of cement slurry has been
developed for shale cementing, among them, foam cement
slurry is now in common use for the alleviation of pollution
during cementing [15].
From the drilling experience in Changning- Weiyuan shale
gas area, technical challenges such as effective prevention of lose
circulation and wellbore collapse, enhancement of penetration
rate are encountered [16]. Vertically, fractures and pores are
fairly developed in this area (Fig. 4), lost return events are
commonly occurred in the surface drilling. Due to shallow water
out, gas drilling leak-proof technology is limited. To address the
Table 2
Identiﬁed shale gas formation in Sichuan Basin (Data Source: Wang X, 2011).
System Series Formation Depth Formation thickness (m) Shale thickness (m) Area (103 km2) Shale gas resource (1012 m3)
Triassic Upper Xujiahe 1870e5000 1800e5100 500e1860 14e16.5 8.4e33.5
Silurian Lower Longmaxi 2300e4100 200e800 50e500 128.2 4e12.4
Ordovician Upper Wufengzu 2300e4500 N/A 2e40 147.3 0.52
Cambrian Lower Qiongzhusi 2700e3600 50e500 74e400 184.5 7.14e14.6
Sinian Upper Doushantuo N/A 25e70 10e40 N/A N/A
Table 3
Reservoir properties and resources in Sichuan Basin.
Basic data Shale formation Qiongzhusi Longmaxi Permian
Geologic age L.Cambrian L.Silurian Permian
Depositional
environment
Marine Marine Marine
Physical
extent
Prospective area (mi2) 6500 10,070 20,900
Thickness
(ft)
Organically
rich
500 1000 314
Net 275 400 251
Depth (ft) Interval 10,000 to
16,400
9000 to
15,500
3280 to
16,400
Average 13,200 11,500 9700
Reservoir
properties
Reservoir pressure Mod.
overpress.
Mod.
overpress.
Mod.
overpress.
Average TOC (wt %) 3.0 3.2 4.0
Thermal maturity (%
Ro)
3.20 2.90 2.50
Clay content Low Low Low
Resource Gas phase Dry Gas Dry Gas Dry Gas
GIP concentration (Bcf/
mi2)
109.8 162.6 114.1
Risked GIP (Tcf) 499.6 1146.1 715.2
Risked recoverable
(Tcf)
124.9 286.5 214.5
Data Source: EIA, 2013.
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lations, aerated drilling has been used in the pilot well Ning 201
and achieved satisfactory result [17].
Permian Longtan formation contains bauxitic mudstone,
which makes the formation apt to swell or broke. Wellbore
collapse will be aggregated due to the long washing and soaking
of drilling ﬂuid, which is more likely to occur in high deviated
and horizontal wells. Inhibiting agents, blocking agents are
proposed to be added into drilling ﬂuids to keep borehole sta-
bility, but the mechanism of horizontal borehole stability in
marine shale gas reservoir beds in Sichuan Basin is still unclear,
so there is no effective countermeasure for stability issues [18].
Although China has a foundation of technical equipment for
shale gas drilling and completion since horizontal wells haveFig. 3. Composition of energy consumption by fuel types in China, 2011.been deployed in some conventional reservoirs, the key tech-
nologies of pad drilling are immature. Firstly, domestic operators
and service companies lack a whole set of technologies for hor-
izontal drilling. Secondly, they are inexperienced with these
newer approaches required by pad drilling. The key technologies
for shale play horizontal drilling include rotary steerable tech-
nology, logging while drilling technology, measurement while
drilling technology, geo-steering technology and managed
pressure or under-balanced drilling technology, etc.
Considering the hydraulic fracturing is necessary for the
extraction of shale gas, drilling azimuth should be in accordance
with the minimum horizontal stress direction to improve the
encounter rates of natural fractures (Fig. 5). Therefore, logging-
while-drilling (LWD) and real-time cutting analysis or some
other technologies are needed for better understanding of the
geological and petro-physical reservoir characteristics. Due to
the technical gaps in rotary steering drilling, drilling as prede-
signed wellbore trajectory is not always achievable, and most
horizontal shale gas wells are not in good cementing quality and
problems such as casing deformation often occur during frac-
turing. Another thing should be noted is the potential risks of
H2S. If it is required to drill through or near H2S bearing zones,
safety criterions on H2S management must be enforced strictly.
Further research should be focused on issues such as how to
maintain wellbore stability, develop proper equipment and
improve operating ﬂuid formulation. And in the meantime,
introduction and adjustment of foreign technology is beneﬁcial
for leapfrogging development.2.3. Hydraulic fracturing
Because of the low permeability, hydraulic fracturing is
essential to obtain gas ﬂow in shale gas reservoirs. Reducing
formation damage is the key to successful treatment. Currently,
the development direction of fracturing technology is mainlyFig. 4. Natural fractures in FMI logging, (Slanted, horizontal and vertical natural
fractures are observed).
Fig. 5. Drilling azimuth of horizontal wells.
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improved multi-stage fracturing techniques.
As for damage control, co-inject liquid nitrogen with frac-
turing ﬂuid has been used to aid the ﬂowback of fracturing ﬂuid
and reducewater blockage; some solutions such as reduce cross-
linker concentration, use delayed cross linker and more effective
polymer breaker have also been applied to prevent the damage
might be brought by polymer residue; swelling and migration of
clay particles can be mitigated by adjusting the chemistry of
fracturing ﬂuids [19]. As for the evaluation of fracturing, micro-
seismic monitoring can be used to identify the growth issues of
fracture network, achieving the monitor and interpretation
simultaneously [20], so the fracturing operation can be
controlled and guided remotely in real time. Although several
technical advances have been made by domestic enterprises,
technical support from foreign service companies is still
indispensable.
Perf-and-plug methods and ball-activated fracturing sleeves
are typically used in multi-stage/zone fracturing. A specialFig. 6. Plug-and-Perf operation.
Fig. 7. Average rate and surface prfracturing plug isolates pressure from previously fractured in-
tervals below. The pump-down plug also drags along a select-ﬁre
perforating gun that is released when the plug sets (Fig. 6).
During the process of multistage fracturing, operational
complexities, such as high treating pressure, and casing defor-
mation were observed. As the case of well Ning 201-H1 [21],
pumping rate and pressure have to be lowered to prevent further
casing deformation in the later stages (As shown in Fig. 7), which
result in difﬁculties in pumping proppant into the formation. The
deformation can be explained by the combined impact of high
stress and strong anisotropy in rock properties. In some cases,
extremely high fracture gradient could also contribute to the
deformation. Casing deformation was also found in other shale
gas wells in Sichuan Basin although enough safe margins were
reserved between the maximum treating pressure and the yield
strength of the casing [22].
The major problem in hydraulic fracturing is the sourcing and
disposal of water. The extraction of unconventional ﬁelds needs
more than 1 well/km2, during the hydraulic fracturing process
and each well might need up to 20,000 m3 of water, which
challenges water supply [23]. Although the rainfall in Sichuan
Basin is relatively rich, gas operators still need to consume the
water used for urban and rural inhabitants, agriculture and other
industries. Analogously, high cost of water disposal and its
additional inﬂuence is also a hot issue. Due to the intensive
farming, evaporation ponds are utilized for water disposal. Chi-
nese ofﬁcials are highly concerned with these activities for the
fear of environmental issues such as the pollution of farmland
and groundwater might be raised [24]. Re-use of produced water
or backﬂow water for hydraulic fracturing is a reasonable option
since the re-use for agricultural use might requiremore stringent
treatment such as reverse osmosis.
Operation cost is also an important factor that need to be
considered, especially in the current environment of low natural
gas prices, economic issue is an increasingly factor on the choice
of development strategy. For horizontal wells, greater volume of
liquids and proppants are required if longer lateral sections are
applied, which further contributes to greater cost [25]. Further
reﬁnement of multi-stage fracturing techniques is needed to
achieve commercial shale gas production for geologically com-
plex reservoirs. For example, acidizing before fracturing can be
used in cased hole completions to lower the breakdown pressure
[26]. With regard to fracture extension, greater pad volume can
be used with ﬂuid loss control agents formed by acid soluble
ﬁlter cake [27].2.4. Development mode
Shale gas is classiﬁed as unconventional resource because
natural gas cannot ﬂow or only limited ﬂowwithout any artiﬁcialessure trend of the 10 stages.
Fig. 8. Diagram of equipment placement.
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technologies mentioned above, is also a prerequisite for exploi-
tation. High initial investment and slow-return in proﬁt is the
major challenge in economical operation. Even though some
policies on tax exemption have been formulated, a complete
policy system to promote the exploitation is still in need to be
revealed, especially on pricing and market-push policies.
One way to reduce cost is FRACFACTORY, namely, to fracture
wells within a few hundred or even thousand meters simulta-
neously. It is a successful experience used in North America.
Large equipment and a wide variety of support equipment,
fracturing equipment in particular, are placed in a central region
(Fig. 8). Multiple wells can be fractured without any movement
of equipment, personnel andmaterials. A ﬂow chart of treatment
process is given in Fig. 9. Practice shows that factory fracturing is
efﬁcient in shorting the production cycle, reducing the cost of gas
recovery and relieving the labor intensity. The concept of
FRACFACTORY later gradually expanded into “DRILLING AND
COMPLETION FACTORY”.
At present, the research, development, appliance and man-
agement of technologies are relatively decentralized in China.
The realization of FRACFACTORY is still a long way to go.
Considering the differences in well sites and road condition,Fig. 9. Flow chart of FRACFACfurther research on technique process and treatment optimiza-
tion is needed.
3. Latest progress
With the ﬁrst high volume well Jiaoye 1HF trial produced
203,000 m3/d in 2012, Sinopec has been dedicated to the
development of Fuling shale gas ﬁeld ever since. Up to April 10,
2014, 62 wells have been spudded-in, and 33 wells have been
completed, among them, 23 wells have been fractured for gas
testing, and the average stable gas production rate measured is
about 329,000 m3/d, with the highest about 547,000 m3/d.
The deepest well Dingye 2HF is the ﬁrst shale gas prospecting
well with a burial depth over 4000m and complicated geological
structure. Challenges such as multiple pressure systems, steering
drilling, control of wellbore trajectory and horizontal fracturing
are confronted with. Currently, Sinopec has developed a set of
technologies for shale gas reservoir with a burial depth less than
3500 m, the longest horizontal section can reach as long as
2130 m, and up to 26 stages can be fractured, which provide
strong technical support for the effective development. About
2.8 Mcm of shale gas are produced from Fuling shale gas ﬁeld per
day and the production will be boosted to 2.5 Bcm by the end of
2014. PetroChina is planning to produce 2.6 Bcm in 2015.
Therefore, it is reasonable to predict that the target of producing
6.5 Bcm/yr by 2015 proposed in the 12th Five-year Plan is totally
achievable.
4. Conclusions
From a global perspective, the unconventional gas industry of
China is in the fast-growth stage, opening up huge strategic
opportunities for related products and service suppliers. This
paper summarizes the technical status and challenges encoun-
tered in the development of shale gas reservoirs in Sichuan Basin
of China. As a clean energy resource, shale gas is becoming
increasingly important to meet the raising demand of energy
consumption. With the rapid development in the past ﬁve years
and the recent achievement in Fuling shale gas ﬁeld, the devel-
opment of shale gas has shown a promising future.
It is advisable to provide preferential policies such as devel-
opment funds considering the high initial investment and long
input-output cycle of shale gas development. To realize theTORY treatment process.
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fold pipelines and utilization units for liqueﬁed natural gas or
compressed natural gas are needed to be built. The key to suc-
cessful exploitation is to develop a series of technologies suitable
for the actual conditions in Sichuan Basin. To foster a batch of
service companies dedicating to shale gas development is
helpful not only for technology innovation, but also can bring
about new economic growth point. In all, China is rich in shale
gas resources, but the efﬁcient and successful development of
these resources still requires further theoretical breakthrough,
technological innovation, cost reduction and policy support.References
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